Autophagy is a catabolic process used to deliver cellular material to the lysosome for degradation. The core Vps34/class III phosphatidylinositol 3-kinase (PI3K) complex, consisting of Atg6, Vps15, and Vps34, is highly conserved throughout evolution, critical for recruiting autophagy-related proteins to the preautophagosomal structure and for other vesicular trafficking processes, including vacuolar protein sorting. Atg6 and Vps34 have been well characterized, but the Vps15 kinase remains poorly characterized with most studies focusing on nutrient deprivation-induced autophagy. Here, we investigate the function of Vps15 in different cellular contexts and find that it is necessary for both stress-induced and developmentally programmed autophagy in various tissues in Drosophila melanogaster. Vps15 is required for autophagy that is induced by multiple forms of stress, including nutrient deprivation, hypoxia, and oxidative stress. Furthermore, autophagy that is triggered by physiological stimuli during development in the fat body, intestine, and salivary gland also require the function of Vps15. In addition, we show that Vps15 is necessary for efficient salivary gland protein secretion. These data illustrate the broad importance of Vps15 in multiple forms of autophagy in different animal cells, and also highlight the pleiotropic function of this kinase in multiple vesicle-trafficking pathways.
Autophagy is an evolutionarily conserved process in which cytoplasmic proteins or organelles are packaged into lysosomes for degradation. This process can be initiated by a variety of stimuli, such as high levels of starvation or stress, to provide nutrients to the cells or to clear the cell of damaged organelles or protein aggregates. 1 In some circumstances, autophagy can promote an alternative form of cell death, such as in the clearance of larval tissues in Drosophila melanogaster. 2 As defects in autophagy have been implicated in several physiological and pathological conditions, such as cancer, neurodegenerative diseases, and aging, 3, 4 it is important to obtain a complete understanding of the molecular mechanisms controlling autophagy.
The induction of autophagy is regulated by the Atg1/Ulk1 complex, and this complex is regulated by mechanistic target of rapamycin (mTOR). 5 Vesicle nucleation is controlled by the class III phosphoinositide 3-kinase (PI3K) complex that generates phosphatidylinositol 3-phosphate (PI3P). 6 This conserved complex consists of vacuolar protein sorting 34 (Vps34; also known as Pik3c3), Atg6/Becn1 (also known as Vps30 in yeast), and the serine-threonine kinase Vps15/ird1 (p150 in mammals; also known as Pik3r4). 7, 8 Localized production of PI3P by Vps34 can act to recruit proteins containing PX or FYVE domains to membrane compartments, such as the autophagosome isolation membrane. 9 Vps34 is also required more broadly for several vesicular trafficking processes such as the sorting of hydrolytic enzymes to the yeast vacuole and mammalian lysosome, and endocytic trafficking. [10] [11] [12] There is mounting evidence demonstrating the pleiotropic function of the PI3K/Vps34 complex, but this has not been well studied in the context of autophagy under different physiological and cell contexts in animals.
Of the three core PI3K complex proteins, Vps15 remains an understudied kinase, and its function has not been rigorously investigated in multicellular organisms in vivo. Most of the focus on the role of this complex in autophagy regulation has been on nutrient deprivation-initiated autophagy. Indeed, previous studies determined Vps15 to be necessary for starvation-induced autophagy in the Drosophila larval fat body. 13, 14 However, its role in hormone-regulated autophagy, a process that occurs in the intestine, 15 salivary glands, 16 and fat body 17 of developing Drosophila, as well as its role in other stress-induced conditions have not yet been examined. In order to address the role of Vps15 in these and other processes regulated by autophagy, we utilized Vps15 knockdown as well as a previously described null mutant 14 to examine its role in a multicellular organism in vivo. We found that Vps15 is required not only for stress-induced autophagy in multiple tissues, but it is also a broad regulator of developmentally programmed autophagy in Drosophila. In addition, Vps15 is necessary for efficient protein secretion, as indicated by its role in the secretion of glue proteins from the Drosophila salivary gland. Together, these results highlight the importance of Vps15 in multiple processes in vivo.
Results
Vps15 is required for stress-induced autophagy. The Drosophila larval fat body undergoes a robust induction of autophagy in response to nutrient deprivation, 18 and Vps15 is necessary for this autophagy. 13, 14 Consistent with these studies, starvation-induced formation of mCherry-Atg8a punctae, indicative of autophagosome formation, was inhibited in Vps15-null mutant cells (lacking green fluorescent protein (GFP); Figures 1a-aʺ) in feeding third-instar larvae starved for 4 h on 20% sucrose. We also expressed a double-stranded inverse-repeat (IR) construct that targets and knocks down expression of Vps15 (Vps15 IR ; Supplementary Figure S1A ) in clones of cells marked with GFP. Importantly, Vps15 knockdown phenocopies the results found with the Vps15 mutant, with GFP-positive knockdown cells lacking mCherry-Atg8 punctae, whereas their wild-type neighboring cells (lacking GFP) have a robust autophagic response (Figures 1b-bʺ) . Similar results were obtained using a different Vps15 RNAi line (Supplementary Figure S2) . Consistent with these results, pharmacological inhibition of mTOR signaling by feeding Drosophila larvae rapamycin, mimicking a starvation-like signal, increases autophagosome formation in the gut, and Atg8a puncta formation is blocked by Vps15 knockdown (Figures 1c-cʺ) .
We next sought to determine whether Vps15 functions broadly in multiple forms of stress-induced autophagy. Because larvae exposed to hypoxia leave their food and cease feeding, 19 it was impossible to separate the hypoxia-induced autophagic response from the starvation-induced response in vivo. Because of this, we used the macrophage-like Drosophila S2R+ cells to assess the impact of Vps15 on hypoxia-induced autophagy, as they are known to mount an autophagic response upon acute exposure to a hypoxic environment. 20 In order to test the role of Vps15 in this process, S2R+ cells were transfected with the pGFP-Atg8a plasmid that expresses Atg8a fused to GFP from the endogenous Atg8a promoter. 21 Exposure of these cells to a hypoxic environment (0.5% O 2 ) leads to a large increase in Atg8a puncta formation (Figure 2a ), which is also seen when the cells are soaked with control double-stranded RNA (dsRNA) targeting firefly luciferase (Figure 2a 0 ). However, when the cells are treated with dsRNA targeting Vps15 (Supplementary Figure S1B) prior to hypoxia exposure, very few GFP-Atg8a punctae form (Figure 2aʺ ). These results indicate that Vps15 is necessary for hypoxia-induced autophagy in Drosophila cells.
The Drosophila larval intestinal epithelium is also sensitive to environmental perturbations, inducing autophagy in response to various stressors such as oxidative stress. 22 It was previously shown that exposure of early third-instar larvae, a stage prior to the onset of developmental autophagy, Figure 1 Vps15 is required for starvation and rapamycin-induced autophagy in Drosophila. (a-aʺ) Fat body was dissected from feeding third-instar larvae starved for 4 h by feeding 20% sucrose. mCherry-Atg8a punctae reflect starvation-induced autophagosome formation in control (GFP positive) larval fat body cells, whereas the lack of puncta formation reflects a defect in autophagy in ΔVps15 (GFP negative) fat body cells. to food supplemented with 1.5% H 2 O 2 induces autophagy in intestinal cells. 22 Indeed, larvae given food supplemented with only water as a control did not experience an induction of autophagy (Figures 2b-bʺ) , whereas food supplemented with 1.5% H 2 O 2 induced the formation of multiple autophagosomes throughout the intestine, as visualized by mCherry-Atg8a puncta formation. Importantly, autophagy induction was blocked in Vps15 knockdown cells (GFP positive; Figures 2c-cʺ), whereas neighboring wild-type cells (GFP negative) exhibited a robust autophagic response. Thus, it appears that Vps15 has a broad role in the regulation of stress-induced autophagy in vivo, as it is necessary for autophagy induced by starvation, hypoxia, as well as oxidative stress in multiple tissues or cell types.
Vps15 is required for developmentally programmed cell size reduction and autophagy. In addition to its important role in cell survival under conditions of stress, autophagy is required for cell death in several Drosophila tissues during development. 21, [23] [24] [25] The length of the Drosophila midgut decreases drastically in the dying larval intestine at the onset of puparium formation, and this structural change relies on an autophagy-dependent programmed cell size reduction. 26 To determine whether Vps15 is required for programmed cell size reduction, we clonally knocked down the function of Vps15 and examined size in the midgut of animals 2 h after puparium formation (APF). Unlike their neighboring control cells that decreased in cell size in the pupal transition, Figure S3) . These data indicate that Vps15 is required for proper developmentally programmed cell and intestine size reduction.
The reduction in midgut cell size is accompanied by the induction of autophagy. Thus, the midgut was examined at puparium formation (0 h APF), a stage of development in which autophagy is known to occur. 26 Although this developmental autophagy was marked by Atg8a puncta formation in wild-type cells (GFP positive), Atg8a localization in ΔVps15 (GFP negative; Steroid-activated programmed cell death of Drosophila salivary glands also requires autophagy in addition to the activation of caspases. 23 The larval salivary glands of Drosophila undergo programmed cell death 14-16 h after puparium formation, resulting in no visible gland remnants by 24 h after puparium formation. However, when autophagy is blocked, salivary gland degradation is incomplete. Histological analyses of salivary glands 24 h APF, a stage at which all gland fragments should be cleared during normal development and in control animals (Figure 4a ), revealed that salivary IR cells (GFP positive) lack mCherry-Atg8a punctae, indicating a lack of autophagy in these cells even under oxidative stress. Representative images are shown gland fragments remain in animals expressing Vps15 IR using the salivary gland-specific driver, fkh-GAL4 ( Figure 4aʹ ). All pupae expressing Vps15 IR in salivary glands possessed persistent salivary gland material (n = 16), whereas only 8% of control animals (n = 13) exhibited gland fragments (Figure 4b ). Similar results were also found using a different RNAi line that expresses RNAi targeting a unique region of Vps15 (Figures 4c-cʹ) where 67% of the pupae expressing Vps15 IR in salivary glands (n = 27) had persistent salivary gland cell fragments, whereas only 7% of control animals (n = 15) exhibited gland cell fragments (Figure 4d ). Autophagy is robustly induced by the steroid ecdysone in the fat body of animals 0 h APF. 17 Similar to what is seen in the midgut and salivary glands, expression of Vps15 IR in fat body cells (GFP positive) blocks mCherry-Atg8 puncta formation, whereas neighboring wild-type cells (GFP negative) experience a robust, developmentally programmed induction of autophagy ( Figure 5 ). Similar results occur in late-feeding third-instar larvae (Figures 5a-aʺ) , wandering third-instar larvae (Figures 5b-bʺ) , and white prepupae (Figures 5c-cʺ) , indicating that Vps15 is important for autophagy at all of these developmental stages. These data suggest that, like in stressinduced autophagy, Vps15 is a broad regulator of developmentally induced autophagy.
Vps15 is necessary for salivary gland protein secretion. Recent work has implicated autophagy genes in protein secretion, 27 and we have shown that key autophagy regulatory factors, such as Atg6, are required for steroidinduced secretion of glue proteins from the salivary gland at the end of larval development. 28 In order to determine whether Vps15 is involved in this process, we utilized transgenic flies expressing a fusion of the secreted glue protein, salivary gland secretion protein 3 (Sgs3), and GFP, allowing us to monitor glue secretion in vivo. By 4 h APF, most glue protein is secreted from the salivary glands. 28 Homozygous ΔVps15 mutant clone cells were produced, and salivary glands were dissected and examined 4 h APF to assay for any defects in glue secretion. These Vps15 mutant cells (mCherry negative) retained SgsΔ3-GFP, whereas neighboring control cells (mCherry positive) secreted SgsΔ3-GFP and were, thus, devoid of the GFP reporter (Figures 6a-aʺ) . Furthermore, SgsΔ3-GFP was also retained in clones of cells knocking down Vps15 (Vps15 IR ; dsRed positive), whereas neighboring control cells (dsRed negative) secreted SgsΔ3-GFP (Figures 6b-bʺ) . These data indicate that Vps15 is required for salivary gland protein secretion. 
Discussion
Our data indicate important roles for Vps15 in both stressinduced and developmentally programmed autophagy, as well as in salivary gland glue protein secretion. Vps15 is an essential gene, and the ΔVps15 mutant allele is homozygous lethal, with animals dying at the early third-instar larval stage.
14 In addition, Vps15-deficient mouse embryos die during the implantation period before E7.5, 29 highlighting the important role of this protein in the developing organism. Although there is mounting evidence that Vps15 has a broad role in the regulation of autophagy in vivo, there has been no systematic characterization of its role therein.
Studies largely based in the yeast Saccharomyces cerevisiae elucidated the genes involved in the control of autophagy, and vesicle nucleation was found to be controlled by the class III PI3K/Vps34 core complex that regulates PI3P production.
In Drosophila, this complex consists of Vps34, Atg6, and Vps15/ird1. Vps15 was first identified in a screen seeking to identify mutations that lead to defects in the localization of vacuolar hydrolases in S. cerevisiae, 30 and the majority of the published work since has focused on its role in nutrient deprivation-induced autophagy. Vps15 has also been shown to be necessary for the robust starvation-induced autophagy response in mammalian cells. 29 However, autophagosomes form without issue in the skeletal muscle of Vps15 musclespecific knockout mice upon starvation. This contrasts with the reported defects of autophagy initiation in Vps34-deficient liver and heart 31 but agrees with work showing that Vps34 deletion in sensory neurons leaves the autophagy pathway intact. 32 Indeed, our work and others have shown that regulators of autophagy, such as Atg7, may have different regulatory mechanisms in distinct cell types within an animal and that Figure 4 Vps15 is required for developmentally programmed salivary gland degradation. (a and aʹ) Control animals lacking the GAL4 driver (Vps15 IR /+), n = 13, and those with salivary gland-specific knockdown of Vps15 (fkh-GAL4; Vps15 IR ), n = 16, were analyzed by histology for the presence of salivary gland fragments 24 h APF. Left: original image; right: image highlighting salivary gland fragments. (b) Quantification of data from a and aʹ where 8% of control animals and 100% of experimental animals possess salivary gland fragments. Statistical significance was determined using a chi-squared test. (c and cʹ) Control animals lacking the GAL4 driver (Vps15 IR /+), n = 15, and those with salivary gland-specific knockdown of Vps15 (fkh-GAL4; Vps15 IR #2), n = 27, were analyzed by histology for the presence of salivary gland fragments 24 h APF. Left: original image; right: image highlighting salivary gland fragments. (d) Quantification of data from a and aʹ where 7% of control animals and 67% of experimental animals possess salivary gland fragments. Statistical significance was determined using a chi-squared test different forms of autophagy could involve unique regulatory pathways. 26, 33, 34 Thus, it is important to characterize the role of autophagy-related molecules according to the type of autophagy in which they are involved and in a tissue-specific manner.
In addition to its previously described role in starvationinduced autophagy in the Drosophila larval fat body, we have shown Vps15 to be necessary for other types of stressinduced autophagy in other tissues. In the S2R+ cell line derived from Drosophila blood cells, Vps15 is necessary for the cell's ability to mount an autophagic response in conditions of acute hypoxia. This agrees with previous results showing that knockdown of Atg5, an E3 ubiqutin ligase involved in autophagosome elongation, blocks hypoxia-induced autophagy in tumor cells. 20 In addition, Vps15 was shown to be necessary for autophagy induction in response to oxidative stress in the Drosophila midgut of the intestine. This agrees with previous data showing that suppression of other core autophagy genes such as Atg1 26 blocks H 2 O 2 -induced autophagy in the intestine. Importantly, like other genes involved in the autophagic pathway, 17, 23, 26, 35 we were also able to demonstrate the significance of Vps15 in developmentally programmed autophagy. In the Drosophila intestine, Vps15 was shown to be necessary for programmed cell size Figure 5 Vps15 is required for developmentally programmed autophagy in the fat body. Fat body expressing mCherry-Atg8a in all cells and expressing Vps15
IR specifically in GFP-marked cell clones dissected from (a-aʺ) feeding third-instar larvae, (b-bʺ) wandering third-instar larvae, and (c-cʺ) white prepupae. Representative images are shown Figure 6 Vps15 is required for efficient salivary gland protein secretion. (a-aʺ) Control cells (mCherry positive) are able to secrete SgsΔ3-GFP, whereas homozygous ΔVps15 mutant cells (mCherry negative) retain SgsΔ3-GFP in the cytoplasm. (b-bʺ) Control cells (mCherry negative) are able to secrete SgsΔ3-GFP, whereas Vps15 IRexpressing cells (mCherry positive) retain SgsΔ3-GFP in the cytoplasm. Representative images are shown reduction and induction of autophagy. Salivary gland clearance and programmed autophagy in the fat body were also shown to be reliant on Vps15, clearly indicating a broad role for Vps15 in the regulation of autophagy in multiple cell types and contexts within an animal.
Recent studies have indicated that autophagic factors regulate protein secretion, 27 and we have shown that both Atg6 and Vps34 as well as Atg1 are required for protein secretion in salivary gland cells. 28 Here, we show that loss of Vps15 in salivary gland cells leads to a disruption in protein secretion, supporting previous evidence that protein secretion might be an autophagy-dependent process. 28 However, as Beclin 1 and PI3P also localize to the trans-Golgi network, 36, 37 it is also possible that Vps15 may be acting as a part of an autophagy-independent process regulating protein secretion. Future studies should elucidate the role of autophagy factors and possibly PI3P in this process.
Materials and Methods
Fly stocks and culture. Flies were reared at 25°C on standard cornmeal/ molasses/agar media. The following Drosophila stocks were used: ΔVps15 (from H Stenmark, University of Oslo and The Norwegian Radium Hospital, Oslo, Norway), P{UAS-ird1-RNAi} NIG 9746R-2 (from the National Institute of Genetics (NIG), Mishima, Shizuoka, Japan), UAS-ird1 RNAi (#34092; described as Vps15 IR #2 in the text) and w; SgsΔ3-GFP (Bloomington Drosophila Stock Center, Bloomington, Indiana, USA), yw,hs-Flp; Cg-GAL4, UAS-mCherry-Atg8a; FRT82B, UAS-GFPnls (from T Neufeld, University of Minnesota, MN, USA), yw,hs-Flp; pmCherry-Atg8a; Act4CD24GAL4, UAS-nlsGFP/TM6B, yw,hs-Flp; +; hs-GFP-Atg8a, Act4 CD24GAL4, UAS-dsRed, NP1-GAL4, and fkh-GAL4. ΔVps15 flies were recombined onto an FRT82B chromosome (Bloomington Drosophila Stock Center).
Cell culture and hypoxia treatment. Drosophila S2R+ cells were obtained from Drosophila Genomics Resource Center (DGRC, Indiana University, Bloomington, IN, USA) and were grown at 25°C in Schneider's Drosophila medium supplemented with 10% fetal bovine serum (FBS), 1 × GlutaMAX, and penicillin-streptomycin (Gibco, Life Technologies, Carlsbad, CA, USA).
dsRNA for Vps15 RNAi treatment was produced by in vitro transcription of a polymerase chain reaction (PCR)-generated DNA template from Drosophila genomic DNA containing the T7 promoter sequence on both ends. Genomic DNA was harvested from Drosophila S2 cells using the Wizard Genomic DNA Purification Kit from Promega (Madison, WI, USA). The Photinus pyralis luciferase DNA template was amplified from the pGL3 control vector (Promega). Target sequences were scanned to exclude any complete 19-mer homology to other genes. dsRNAs were generated using the MEGAscript T7 kit (Ambion, Austin, TX, USA) and purified using the Qiagen RNeasy kit (Valencia, CA, USA). The primer sequences used for the generation of dsRNAs were as follows: luciferase: forward, 5′-taatacgactcactatagggG CTGGGCGTTAATCAGAGAG-3′, reverse, 5′-taatacgactcactatagggTTTTCCGTCAT CGTCTTTCC-3′; Vps15: forward, 5′-taatacgactcactatagggAAGACGGTCCTGTTGT GGAC-3′, and reverse, 5′-taatacgactcactatagggCCGGTGAGAATAAAGGGTGA-3′.
A solution containing 20 μg dsRNA in water or an equivalent amount of water as a control was added to triplicate wells in 6 well plates. pGFP-Atg8a S2R+ cells were resuspended in serum-free media at 0.5 × 10 6 cells/ml and 1 ml of this suspension as a control was added to the wells containing dsRNAs. Cells were incubated at room temperature for 30 min after which 3 ml of complete medium was added. The cells were incubated for 3 additional days at 25°C and were imaged using an Olympus IX71 inverted microscope (Olympus, Shinjuku, Tokyo, Japan). Images were acquired with a QImaging Retiga 1300 camera and processed using QCapture 2.99.5 (QImaging, Burnaby, BC, Canada).
Induction of cell clones. To induce knockdown in clones of cells, virgin females of yw,hs-Flp; pmCherry-Atg8a; Act4CD24GAL4, UAS-nlsGFP/TM6B or yw,hs-Flp; +; hs-GFP-Atg8a, Act4CD24GAL4, UAS-dsRed were crossed to indicated RNAi or transgenic lines. One-day egg lays were heat shocked at 37°C for 15 min. To induce loss-of-function mutant cell clones, yw,hs-Flp; Cg-GAL4, UAS-mCherry-Atg8a; FRT82B, UAS-GFPnls or yw, hs-Flp; pmCherry-Atg8a; FRT82B, Ubi-nlsGFP virgins were crossed to FRT82B, ΔVps15 flies. One-day egg lays were heat shocked for 1 h at 37°C. Analysis of knockdown efficiency. As commercial antibodies against Drosophila Vps15 were not available, knockdown efficiency was analyzed using real time PCR (RT-PCR). For in vivo experiments, 20 intestines from either male (control) or female (knockdown) wandering third-instar larvae from NP1-GAL4 males crossed to Vps15 IR (x) females or 20 intestines of female offspring from a w1118 × Vps15 IR (x) cross were dissected and placed in Schneider's Drosophila medium supplemented with 10% FBS, 1x GlutaMAX, and penicillin-streptomycin (Gibco, Life Technologies). For in cellulo experiments, cells were harvested from triplicate wells of six-well plates of pGFP-Atg8a S2R+ cells soaked with luciferase or Vps15 dsRNA as previously described and were washed with 1x phosphatebuffered saline solution (1x PBS). RNA was isolated from both the cells and intestines using the Qiagen RNeasy kit (Valencia, CA, USA) according to the manufacturer's instructions and cDNA was produced using the SuperScript III FirstStrand Synthesis System (Invitrogen, Life Technologies, Carlsbad, CA, USA).
RT-PCR was performed using the default PCR cycle on a sequence detection system (ABI Prism 7900 HT, Applied Biosystems, Life Technologies, Carlsbad, CA), and amplified cDNA was detected using SYBR green dye (Power SYBR Green PCR Master Mix, Applied Biosystems). Thermocycling conditions used for quantitative PCR were 1 cycle at 95°C for 10 min and a total of 40 cycles at 95°C for 15 s, 56°C for 30 s, and 72°C for 30 s. Quantification of relative amounts of Vps15 was performed using the Sequence Detection Systems version 2.3 software (Applied Biosystems). RT-PCR was conducted in triplicate for each sample. Two primer pairs for Vps15 (forward, 5′-AGCACTGGAGGCACGATCAC-3′, reverse, 5′-GTCCCATCT CCTCGTACTG-3′; forward, 5′-GAGATGGGACAGACCTTG-3′, reverse, 5′-GAGATA AGGAACGGGTTCATGG-3′) along with primers for the reference genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH; forward, 5′-CATTGTGGGCTCCGG CAA-3′, reverse, 5′-CGCCCACGATTTTCGCTATG-3′) and ribosomal protein 32 (RpL32; forward, 5′-AGCATACAGGCCCAAGATCG-3′, reverse, 5′-TGTTGTCGATA CCCTTGGGC-3′) were used for RT-PCR and each Vps15 primer pair was separately normalized to each reference gene.
Starvation. To initiate starvation-induced autophagy, third-instar larvae were transferred from standard food to 20% sucrose in water for 4 h prior to dissection. Control larvae were transferred to standard food until dissection. The fat body was dissected in 1x PBS and was fixed briefly for about 3 min in 4% paraformaldehyde (PFA). It was then stained with Hoechst 33342 trihydrochloride, trihydrate (Invitrogen, Life Technologies, Carlsbad, CA, USA) and washed in 1x PBS before mounting in Vectashield (Vector Laboratories, Burlingame, CA, USA). Images were collected on a Zeiss AxioImager Z1 microscope equipped with an Apotome (Carl Zeiss Microscopy, Jena, Germany). Images were acquired with Axiocam and minimally processed using Zeiss Axiovision 4.9.1 (Carl Zeiss Microscopy) and Adobe Photoshop CS6 16.0.3 (Adobe, San Jose, CA, USA).
Rapamycin treatment. Early third-instar larvae were washed in PBS and starved for 45 min in 20% sucrose in PBS prior to placing on food containing either 5 µM rapamycin (Sigma-Aldrich, St. Louis, MO, USA; from 1 mM in ethanol) or an equivalent amount of ethanol only (control) for 4 h. The intestines were dissected, fixed for a minimum of 30 min in 4% PFA, washed once with 1x PBS, and once with 0.1% Triton X-100 (Sigma-Aldrich) in PBS, and were allowed to incubate overnight in Vectashield supplemented with DAPI (Vector Laboratories). The next day, the intestines were imaged using a Zeiss AxioImager Z1 microscope (Carl Zeiss Microscopy) equipped with an Apotome, as previously described.
Oxidative stress treatments. Early third-instar larvae were collected and starved in the presence of water-soaked filter paper for 45 min at 25°C prior to stress exposure. Subsequently, larvae were placed on food containing 1.5% H 2 O 2 (Fisher Scientific, Fair Lawn, NJ, USA) or an equivalent amount of water as a control for 7 h. The intestines were dissected, fixed for a minimum of 30 min in 4% PFA, washed once with 1x PBS, and once with 0.1% Triton X-100 (Sigma-Aldrich) in PBS, and were allowed to incubate overnight in Vectashield supplemented with DAPI (Vector Laboratories). The next day, the intestines were imaged using a Zeiss AxioImager Z1 microscope (Carl Zeiss Microscopy) equipped with an Apotome, as previously described.
Quantification of cell size. Cell size was quantified using the measure outline function of Zeiss Axiovision 4.9.1 software (Carl Zeiss Microscopy).
